The opportunistic nosocomial pathogen Acinetobacter baumannii is responsible for a growing number of infections; however, few of its potential virulence factors have been identified, and how this organism causes infection remains largely unknown. Bacterial biofilms are often an important component in infection and persistence but there is no conclusive evidence to link biofilm formation with virulence and severity of infection in Acinetobacter. To investigate this link, several clinical isolates were assessed in biofilm culture models and were tested for virulence in the insect model Galleria mellonella. In both systems, the profiles showed significant differences between strains, but no correlation was observed between virulence and the ability to form biofilms. In contrast, A. baumannii cells from a biofilm produced higher mortality rates than an equivalent number of planktonic cells. Relative to planktonic cells, A. baumannii biofilm cultures also showed reduced sensitivity to antibiotics normally used in the treatment of A. baumannii, especially colistin. This model, therefore, provides a suitable system to investigate the link between biofilm growth and various factors influencing virulence during A. baumannii infection.
INTRODUCTION
Acinetobacter baumannii is a non-motile Gram-negative opportunistic pathogen of increasing importance due to its resistance to a wide variety of antibiotics and its ability to survive in a hospital environment. The bacterium causes a wide variety of infections, including secondary meningitis, pneumonia and urinary tract, burn and wound infections (Chen et al., 2001; Davis et al., 2005) .
Despite the potential problems posed by A. baumannii infection, and possibly due to its nature as an opportunistic pathogen, little research has been conducted on the virulence characteristics of this organism. The genome sequences of several strains of A. baumannii have been published (Vallenet et al., 2008; Smith et al., 2007; Adams et al., 2008; Iacono et al., 2008) but very few potential virulence factors have been identified. Examples include the K1 capsular polysaccharide (Russo et al., 2010) genes, which affect phospholipase production , and OmpA, an outermembrane protein that is involved in bronchial epithelial cell invasion (Choi et al., 2008) . The ability of A. baumannii to form biofilms is one potential virulence factor that has received some attention. Biofilms are important for survival of bacteria in the environment and A. baumannii cells in biofilms have been shown to have a higher resistance to acid exposure and dehydration (Villers et al., 1998) . Some clinical strains of A. baumannii have been shown to have a high propensity to form biofilms and this has been linked to their ability to adhere to cells, including human bronchial cells . Although a few genes have been identified in A. baumannii as being important in biofilm formation, e.g. bap (Loehfelm et al., 2008) , very little is known about the mechanisms of biofilm formation or the role biofilms have in the infection process and the ability of A. baumannii to persist in the environment. In A. baumannii, a direct link between biofilm formation and virulence has, to our knowledge, not yet been shown, although there have been studies that show an upregulation of virulence factors in biofilm cells of Escherichia coli (Naves et al., 2008) , as well as Staphylococcus epidermidis, another important nosocomial pathogen (Gomes et al., 2011) . Recently, proteomic analysis of A. baumannii biofilm cells identified several proteins that are upregulated during biofilm formation, as well as several that are expressed only in a biofilm, including a number of proteins that are involved in antibiotic resistance (Shin et al., 2009 ).
The study of A. baumannii infection in an in vivo environment presents a challenge. Animal models of A. baumannii infection include a systemic mouse model and murine models of pneumonia and sepsis (Breslow et al., 2011; McConnell et al., 2011; Pachó n-Ibáñez et al., 2011) . Alternative nonanimal models have become increasingly important for studying infection, particularly where results indicate a correlation with virulence in existing animal models (Wand et al., 2011; Seed & Dennis, 2008) . To study A. baumannii infection, alternative non-animal models have included human bronchial cells (de Breij et al., 2009; Lee et al., 2006) 2009). In this study we used G. mellonella to screen for a correlation between biofilm formation and virulence in clinical A. baumannii strains. We show that the ability of strains to form biofilms does not necessarily correlate with increased virulence, but bacterial cells that are associated with biofilms tend to be more virulent in an in vivo environment than their planktonic counterparts.
METHODS
Bacterial strains and culture conditions. The A. baumannii strains used in this study are summarized in Table 1 . Strains UKA1-UKA19 were isolated from patients in UK hospitals between 2004 and 2010. Representatives of many of these strains have been described previously (Turton et al., 2007) . Other A. baumannii strains used in this study are described elsewhere (Turton et al., 2005; Smith et al., 2007; Vallenet et al., 2008) . All strains were grown in LB broth with aeration or on TSB agar plates at 37 uC, unless otherwise stated. When appropriate, LB plates were supplemented with 25 mg chloramphenicol ml 21 (Sigma) to select for A. baumannii strains.
Determination of MIC. The MIC of various antibiotics against A. baumannii strains was determined using a broth dilution method. An inoculum of 1610 5 c.f.u. ml 21 was used and the test was conducted in LB broth. OD 600 was measured after 24 h static incubation at 37 uC and the MIC was defined as the lowest concentration of antibiotic where no bacterial growth was observed. Strains were classified as resistant to certain antibiotics if they grew at levels equal to or above the MIC breakpoint as defined by the British Society for Antimicrobial Chemotherapy (http://www.bsac.org.uk) where appropriate.
Analysis of biofilm formation. The ability of A. baumannii strains to form biofilms was tested using a modification of the Calgary biofilm method (Ceri et al., 1999) . Briefly, bacterial strains were grown overnight at 37 uC and were diluted in LB broth to a concentration of 1610 5 c.f.u. ml 21 . Two-hundred microliter volumes of each culture were added to wells of a 96-well plate with pegs in the lid and incubated at 37 uC for 24 h to allow the bacteria to adhere to the peg surface. The medium and planktonic cells were removed and the biofilms were washed twice with 200 ml 16PBS using gentle pipetting. Biofilms were fixed for 60 min at 80 uC, cooled to room temperature and then stained using 200 ml 0.1 % (v/v) crystal violet solution for 20 min. The plates were immersed in water, inverted and the water drained by tapping onto paper towels. This process was repeated several times until the water ran clear. The plate was then air-dried and the biofilm was destained with absolute ethanol for 30 min at room temperature. A 570 was measured using a FLUOstar Omega plate reader (BMG Labtech). Biofilm formation was scored relative to the absorbance value (+++, ¢0.4; ++, 0.2-0.4; +, 0.1-0.2 and +/2, ,0.1). Biofilm formation by certain strains was examined more closely using a CDC Biofilm reactor (Biosurface Technologies). The biofilm reactor was assembled and used according to manufacturer's instructions. After allowing bacteria to adhere to coupons for at least 24 h, the coupons were rinsed in PBS and placed in 5 ml LB medium. They were vortexed for 10 min using a Vibrax VXR basic (IKA) vortex shaker at 2000 r.p.m. to disrupt the biofilm. Total viable cell counts were measured in the media to assess the number of cells released from the biofilm. Biofilm disruption was verified by rinsing coupons in PBS, staining with crystal violet and destaining with absolute ethanol using the method already described for the 96-well plate assay. Results were compared to control coupons where no bacterial biofilm had been formed.
Biofilm protection analysis. This method was previously described as the minimum biofilm eradication concentration (MBEC) assay by Olson et al., (2002) . Briefly, bacterial biofilms were grown on pegs as already described. Non-adherent bacteria were washed from the pegs using sterile PBS and the pegs were placed in a fresh 96-well plate containing appropriate concentrations of the antibiotics to be tested, ranging from 0.5 mg ml 21 to 512 mg ml 21 , and incubated at 37 uC for 24 h. Non-adherent bacteria were washed from the pegs using sterile PBS and the pegs were transferred to a fresh 96-well plate containing fresh sterile media with no antibiotic. The biofilm was then removed from the pegs by vortexing at 1000 r.p.m. for 10 min. The plate was incubated at 37 uC for 24 h to determine the presence of viable bacteria and cell density was determined by measuring OD 600 using a FLUOstar Omega plate reader (BMG Labtech). Bacteria in media containing no antibiotic were used as a control for all tests. Complete biofilm disruption was verified using crystal violet staining as already described.
G. mellonella killing assays. Wax moth larvae (Galleria mellonella) were purchased from Livefood UK and were maintained on wood chips in the dark at room temperature. The larvae were stored for no longer than 2 weeks. Bacterial infection of G. mellonella was carried out essentially as described by Wand et al. (2011) . Determination of intracellular bacterial numbers was performed as described by Wand et al. (2011) except that appropriate dilutions were plated out onto LB agar plates supplemented with 25 mg chloramphenicol ml 21 , which were incubated overnight at 37 uC to allow the bacteria to grow. All experiments were carried out in triplicate.
Statistical analyses. Unpaired two-tailed Student's t-tests were performed for the statistical analysis. All analysis was performed on three or more independent experiments using Graphpad Prism software.
RESULTS AND DISCUSSION
A. baumannii antibiotic susceptibility and in vitro growth profile
Strains of A. baumannii isolated from infections within the UK between 2004 and 2010 were compared to strains of A. baumannii that have already been characterized, including sequenced strains ATCC 17978, AYE and SDF. These included strains isolated from wounds, burns and sputum samples as well as strains that had been isolated following patient colonization. All strains were tested for their susceptibility to antibiotics that are normally used in the treatment of A. baumannii infection (Table 1) . Most strains of A. baumannii contain a bla OXA-23 -like gene, conferring carbapenem resistance, but no resistance was observed, in the present study, when the strains were challenged with colistin. All strains, except SDF, showed resistance to gentamicin and there was widespread resistance to ciprofloxacin and piperacillin-tazobactam. The growth of all strains was also assessed over 24 h at 37 u C in the absence of antibiotics. There was significantly reduced growth in strains ATCC 17978, SDF, UKA2, UKA3, UKA8 and UKA16 when compared to the other strains (P,0.05) (data not shown), which was determined by measuring OD 600 after 24 h.
The G. mellonella model can distinguish between strains of A. baumannii G. mellonella (wax moth) larvae were challenged with different strains of A. baumannii at a dose of either 1610 6 or 1610 5 c.f.u. Survival was recorded every 24 h for up to 5 days after infection and the numbers of alive vs. dead larvae were scored. After 24 h at the higher dosage, strains NCTC 12156, NCTC 10303, SDF, UKA1, UKA2, UKA15 and UKA18 were identified as poor at killing whereas strains ATCC 17978, NCTC 13302, W1, NCTC 13423, NCTC 13424, AYE, UKA3, UKA8, UKA9, UKA10, UKA17 and UKA19 showed 100 % mortality in at least one of the three independent experiments (Fig. 1a) . At the lower infectious dose, strains W1, ATCC 17978, UKA3, UKA8 and UKA19 proved to be the most virulent, many strains being avirulent at this dosage (Fig. 1b) . Infections were monitored for up to 120 h with little variation shown between 24 and 120 h at either of the infectious doses (data not shown). Melanization caused by bacterial infection was also studied, with the more virulent strains showing increased levels of melanization associated with infection.
Often, but not in all cases, melanization shown after 4 h of infection was associated with subsequent death of the larva by 24 h. At a higher challenge dose (1610 7 c.f.u.) 100 % mortality was observed with all strains at 24 h except for strains UKA1, UKA2 and SDF (data not shown). A similar variability in A. baumannii infection between strains has been shown using a mouse model of pneumonia (Eveillard et al., 2010) . Differences between the virulent strain AYE and the avirulent strain SDF also reflect previous data from genomic analysis (Fournier et al., 2006) . Although, analysis of strain SDF has shown that it has haemolytic, phospholipase and protease activities that are comparable to clinical isolates (Antunes et al., 2011) . However, strain SDF is metabolically weaker than other strains, as shown by its reduced rate of iron uptake and reduced growth rate, which may affect its virulence in Galleria. The PFGE type of the selected strains does correlate with virulence, for example, strains UKA7 and UKA10, which, together with NCTC 13424, represent strains belonging to the OXA-23 clone 1 genotype, show comparable virulence.
In an attempt to understand this difference in virulence, G. mellonella larvae were infected with a lower dose (~1610 4 c.f.u.) of A. baumannii, including avirulent and virulent strains (NCTC 12156, ATCC 17978, NCTC 13424, UKA2, UKA7 and UKA15). After 24 h, the larvae were sacrificed and the number of bacteria in the haemocoel was determined. For all strains tested, there appeared to be no significant difference in the number of bacteria recovered from the haemocoel of infected larvae (P.0.05). However, all strains showed a significant (P,0.05) increase in the number of bacteria recovered relative to the input dose, suggesting that A. baumannii was able to replicate after infection, irrespective of the virulence of the strain. As melanization was observed, indicating an increase in host immune response to the infection, differences in virulence are probably due to particular strains producing more virulence factors. These results are in contrast to other pathogens, such as Burkholderia pseudomallei where the more virulent strains are able to survive and multiply to a greater extent than those that are avirulent (Wand et al., 2011) . However, this might be because B. pseudomallei is an intracellular pathogen and thus would have a different mode of infection and survival. A. baumannii has never been shown to be an intracellular pathogen, although it has been shown to adhere and invade epithelial cells (Choi et al., 2008; Lee et al., 2006 Lee et al., , 2008 and induce apoptosis through activation of caspases .
One of the few potential virulence factors associated with A. baumannii is the outer-membrane protein OmpA (Choi et al., 2005) . OmpA is essential for the binding of A. baumannii to human alveolar epithelial cells ) and for biofilm formation (Cabral et al., 2011) , and it is also among the most common proteins secreted into the surrounding media . Culture supernatant samples from overnight cultures of avirulent and virulent A. baumannii strains were tested for the presence of OmpA by Western blotting analysis. Supernatants from all strains were found to contain high levels of OmpA and there was no obvious difference between the levels of OmpA in any of the strains tested (data not shown). When these samples were injected into the larvae, there was no mortality observed, even when the concentration of OmpA was increased by growing A. baumannii in the presence of elevated levels of NaCl . This either implies that OmpA is not an important virulence factor for infection of G. mellonella by A. baumannii or that it is not functional when secreted into the supernatant and needs to remain bound to the bacterial cell membrane.
Biofilm formation in A. baumannii and correlation with virulence
All A. baumannii strains were assessed for their ability to form biofilms by using a modification of the Calgary method. Again, there were significant differences between N C T C 1 2 1 5 6
A T C C 1 7 9 7 8 strains, with ATCC 17978, SDF, UKA2, UKA3, UKA8 and UKA13 all showing poor ability to form biofilms. All strains were compared with Pseudomonas aeruginosa GH56 (positive control) and S. epidermidis NCTC 13360 (negative control), and whilst all the strains were more potent biofilm formers than S. epidermidis NCTC 13360, only strains NCTC 13302, W1, UKA14 and UKA15 showed levels of biofilm formation similar to that of P. aeruginosa GH56 (Table 1) . Another study has also shown large variation in biofilm formation between clinical A. baumannii isolates, with no discernible differences between multidrug resistant and susceptible strains (de Breij et al., 2010) . In the Calgary model, biofilm formation was closely related to growth rate, with strains that showed increased biofilm formation generally showing shorter doubling times. To further investigate the ability of different strains to form biofilms, strains NCTC 13302, NCTC 13424, ATCC 17978, UKA2, UKA7, UKA14 and UKA15 were assessed using the CDC biofilm reactor. Bacteria were allowed to adhere to, and form biofilms on, stainless steel coupons for 24 h. The biofilm was then disrupted and the number of viable bacteria associated with the biofilm was determined by plating out. Results were, again, compared to P. aeruginosa GH56 and S. epidermidis NCTC 13360 as positive and negative controls, respectively. Consistent with findings from the Calgary method, A. baumannii strains NCTC 13302, UKA14 and UKA15 showed a significant increase in bacteria associated with biofilms relative to all other A. baumannii strains tested. Strains UKA2, UKA7 and ATCC 17978 proved, again, to be significantly poorer biofilm formers (P,0.005) (Fig. 2) . These results confirm that there are differences from strain to strain with respect to biofilm formation of A. baumannii. The results also show no evidence of correlation between biofilm formation and virulence in Galleria infection models. Strain ATCC 17978, which was a poor biofilm former, was significantly more virulent in Galleria after 24 h than strains NCTC 10303, NCTC 12156, UKA15 or UKA18.
Biofilm formation has often been associated with virulence in many bacteria. In Escherichia coli, there is an upregulation of virulence factors in strains that are able to form strong biofilms (Naves et al., 2008) ; similarly, mutations in genes involved in biofilm production have been shown to lead to a change in the virulence of strains, for example, biofilm regulatory protein A (brpA) of Streptococcus mutans (Nakano et al., 2005) . However, in other organisms, biofilm formation does not appear to correlate with virulence, with the more virulent B. pseudomallei producing comparable biofilms to its avirulent relative Burkholderia thailandensis (Taweechaisupapong et al., 2005) . In S. epidermidis, a mutant strain negative for biofilm production was able to cause an infection comparable to its wild-type parent (Perdreau-Remington et al., 1998) . Thus, it is not surprising that we were not able to identify an increase in virulence that was associated with a propensity to form biofilms.
One explanation for the association of biofilm formation with virulence is that the formation of a biofilm prevents antibiotics from clearing the infection, leading to increased persistence. Nine strains with a range of biofilm-forming properties (W1, NCTC 13424, NCTC 12156, ATCC 17978, SDF, UKA2, UKA7, UKA14 and UKA15) were assessed against a number of antibiotics under conditions where bacteria were allowed to form a biofilm and then challenged with different concentrations of antibiotics as shown in Table 2 . MIC values were then measured. Antibiotics such as gentamicin, ciprofloxacin and piperacillin-tazobactam were rendered completely ineffective by A. baumannii biofilm formation. Sensitivity to colistin was also significantly affected by biofilm formation with a .100-fold increase in the MIC. This may be because of the particular mode of action of the drug, i.e. the solubilization of the bacterial membrane, which is increasingly ineffective against biofilms, although sub-lethal levels of colistin actually inhibit biofilm formation of some A. baumannii strains (Pour et al., 2011) . Thus, we have shown that biofilm formation leads to an increase in the MIC of common antibiotics relative to that effective against planktonic culture, an observation noted elsewhere in other bacteria (Olson et al., 2002) .
In order to examine the effect of biofilm-adaptation on virulence, six strains (NCTC 13424, ATCC 17978, UKA2, UKA7, UKA14 and UKA15) were grown for 24 h in the CDC biofilm reactor to allow formation of a biofilm. The biofilms were then disrupted and the resultant viable bacteria, or an equivalent number of planktonic bacteria, were injected into G. mellonella larvae. In general, larvae injected with bacteria from a bacterial biofilm showed increased susceptibility to infection relative to those injected with planktonic cells of the same strain (Fig. 3) . At a bacterial dose of 1610 5 cells, strains NCTC 13424, (1610 4 ), where infection with planktonic A. baumannii cells did not lead to mortality, strains NCTC 13424 and ATCC 17978 showed increased virulence, when associated with a bacterial biofilm. Strain UKA2 was the only strain which showed no increase in virulence at any of the bacterial doses tested. Unfiltered and filtered supernatants from bacterial biofilm cultures were also injected into larvae but no virulence was observed (data not shown), which showed that the increase in observed virulence was caused by bacterial cells rather than by a by-product of the bacterial biofilm released into the media.
The production of acylhomoserine lactone, which is upregulated in biofilms, is essential for quorum sensing. In other organisms, quorum sensing is often required for virulence factor regulation, for example, LasR in Pseudomonas aeruginosa (Fuqua, 2006) . A. baumannii is capable of quorum sensing. Several acylhomoserine lactones have been identified in this organism and mutagenesis of the autoinducer synthase gene abaI results in a 30-40 % reduction in biofilm formation (Niu et al., 2008) . A. baumannii strain SDF, a poor biofilm former, contains a truncated abaI gene, the gene region being disrupted by an ISAba7 copy. there are different mechanisms in action. If biofilms are important for the establishment of virulence then it is, perhaps, not surprising that there is no link between the ability to form a biofilm on plastic and virulence in G. mellonella larvae. However, once a biofilm is established, on any surface in an in vivo or in vitro environment, this could lead to an upregulation of genetic components which, in turn, leads to enhanced virulence.
Conclusion
It is clear that the relationship between biofilms and virulence in A. baumannii is complex. Whilst biofilms are important in virulence due to their increased antibiotic resistance, which makes the infection more difficult to treat, we have shown that bacterial cells that are present in a biofilm are more virulent than their planktonic counterparts. However, the ability to form biofilms does not appear to be directly related to virulence. This study shows that G. mellonella can be used as a very effective model for assessing factors affecting the virulence of A. baumannii. We hope to use this system to further study the differences between planktonic and biofilm-associated A. baumannii cells, with the aim of gaining a greater understanding of how this opportunistic pathogen causes disease. Fig. 3 . Virulence of biofilm-associated A. baumannii strains in G. mellonella. Strains of A. baumannii were grown for 24 h in a CDC biofilm reactor, after which the biofilms were disrupted and the resultant bacteria (white bars) were injected into the larvae at a dose of 1¾10 5 (a) or 1¾10 4 (b). Results were compared with equivalent doses of planktonic bacteria (black bars). Results are the means of three experiments. Error bars represent SEM.
